Abstract
Introduction

48
In recent years, high-throughput sequencing (HTS) has become an important tool in food 49 microbiology (1). HTS enables in-depth characterisation of food-related microbial isolates, 50 via whole genome sequencing (WGS), and it facilitates culture-independent analysis of 51 mixed microbial communities in foods, via metagenomic sequencing.
52
WGS has provided invaluable insights into the genetics of starter cultures (2, 3), and it is 53 routinely used in epidemiology to identify outbreak-associated foodborne pathogens isolated 54 from clinical samples, by comparing the single nucleotide polymorphism (SNP) profiles of 55 outbreak strain genomes versus non-outbreak strain genomes (4-6). Metagenomic sequencing 56 enables the elucidation of the roles of microorganisms during food production (7-9), and it 57 can be used to track microorganisms of interest through the food production chain, as 58 illustrated by Yang et al. (10) , who used whole metagenome shotgun sequencing to track 59 pathogenic species in the beef production chain. Indeed, metagenomic sequencing can be 60 used to detect pathogens in foods to monitor outbreaks of foodborne illnesses (11), but few 61 studies have done so, because of the limited taxonomic resolution achievable using these 62 methods. Typically, 16S rRNA gene sequencing provides genus-level taxonomic resolution 63 (12), and although sub-genus-level classification is achievable using species-classifiers (13) 64 or oligotyping (14, 15), these methods cannot accurately discriminate between strains. In this study, we describe the characterisation of nunu, a traditional Ghanaian fermented milk 97 product (FMP), at the genus, species, and strain-levels, using a combination of 16S rRNA 
16S rRNA gene sequencing of nunu samples
115
Nunu samples were collected from producers with hygiene practice training (n=5) and 116 producers without hygiene practice training (n=5), respectively. 16S rRNA gene sequencing 117 analysis revealed that there were no significant differences in the alpha-diversity of nunu 118 samples from trained or untrained producers ( Figure S1a) , although there was a clear 119 separation in the beta-diversity of the two groups ( Figure S1b ).
120
The 16S rRNA data was also analysed to determine bacterial composition (Figure 1a) 
135
The Kruskal-Wallis test indicated that there were significant differences in the relative 136 abundances of Macrococcus (p=0.01), which was higher in samples from trained producers,
137
and Streptococcus (p=0.02), which was higher in samples from untrained producers (Figure   138 1b). No other genera were significantly different. abundance. In contrast, Klebsiella was not detected by amplicon sequencing, and this 154 discrepancy might be due to similarities in the 16S rRNA genes from these genera(42).
155
The Kruskal-Wallis test indicated that there were significant differences in the relative 156 abundances of Macrococcus caseolyticus (p=0.01), which was higher in samples from trained 157 producers, and Streptococcus infantarius (p=0.01), which was higher in samples from 158 untrained producers ( Figure S2 ). No other species were significantly different. "Phages, Prophages, Transposable elements" was present at ≥1% average relative abundance 167 in both groups, although it was significantly higher in nunu samples from trained producers 168 (p=0.047). Similarly, the level 1 subsystem "Virulence" was present at ≥3.5% average 169 relative abundance in both groups.
170
HUMAnN2 was used to provide more comprehensive insights into the functional potential of we detected significant differences in the relative abundances of some individual pathways 176 (Table S1 ). Notably, we observed that histidine degradation pathways were higher in trained Figure S4 ). In addition, we found HGT-associated genes, including plasmid 184 maintenance genes and transposition genes, in both groups.
186
Application of strain-level analysis to characterise enteric bacteria in nunu 187 Leonard et al. previously used metagenomic sequencing to detect E. coli in spinach which 188 was intentionally spiked with E. coli O157:H7 strain Sakai (11). We downloaded the 189 metagenomic reads from that study (16 samples) and we subjected them to StrainPhlAn, 190 MetaMLST and PanPhlAn analysis, to confirm that these tools can accurately detect 
196
PanPhlan detected Shiga toxin genes in 15/16 samples (Table 1) and it indicated that the E. 197 coli strain in each of these samples was most closely related to E. coli O157:H7 strain Sakai. (Table S2) .
204
Having established the relative merits of these tools, we subsequently employed all three 205 strategies to identify the strains of E. coli and K. pneumoniae present in the nunu samples.
206
With regard to E. coli, MetaMLST detected a novel E. coli sequence type in 1t7am (Table 2) .
207
StrainPhlAn detected 24 E. coli marker genes in the samples and a phylogenetic tree ( Figure   208 6a), which was generated by aligning these markers against 118 E. coli reference genomes 209 (listed in Table S3 We validated the accuracy of each approach by processing spinach metagenome data from 252 samples that were spiked with the STEC O157:H7 Sakai in a previous study (11). We 
259
We recommend that these tools be used to supplement data from metagenome sequence 260 classifiers like MetaPhlAn2, which did detect E. coli in each sample. Therefore, we 261 subsequently used the strain-level analysis tools in combination with other metagenomic 262 approaches to assess the safety of nunu, a traditional Ghanaian fermented milk product.
263
Nunu is produced through the spontaneous fermentation of raw cow milk in calabashes or that it is difficult for the nunu producers to adhere to the training recommendations which are 271 not appropriate to the rural production conditions. During training, the producers were 272 advised to pasteurise the milk before cooling and adding a starter culture. After incubating for 273 4-6 hours in a covered container, they were advised to stir the mixture and refrigerate the 274 product. Lack of access to specific heat control and electricity, as well as the variance from 275 the traditional method, which does not use a starter culture, are both reasons why the training 276 is not adhered to.
277
16S rRNA gene sequencing revealed that the samples were dominated by Lactobacillales. Escherichia coli and Klebsiella pneumoniae, were identified in a subset of samples. presence of E. coli and K. pneumoniae in nunu is a concern, and, thus, we employed strain-293 level metagenomics for the further characterisation of these bacteria.
294
In terms of E. coli, strain-level analysis indicated that the E. coli strain in one sample was an 295 enterotoxin producer and it was closely related to E. coli O139:H28 E24377A, a strain which 296 was linked to an outbreak of waterborne diarrhoea in India (50). In terms of K. pneumoniae, Undoubtedly, our work highlights an urgent need to further improve hygiene practices during 304 nunu production, and the pasteurisation of the starting milk and the use of starter-based 305 fermentation systems is an obvious solution.
306
In conclusion, our work suggests that short read alignment-based strain detection tools can be 307 used to detect pathogens in other foods, apart from nunu or spinach, and they might also be 
Materials and Methods
328
Sampling
329
Five nunu samples were collected from producers with hygiene practice training, and another Briefly, 1 ml of each thawed sample was diluted in 9 ml of sterile PBS, mixed thoroughly 364 using vortex and centrifuged for 10 min (8,000-10,000 g). The bacterial cell pellets were 
Bioinformatics
385
Raw 16S rRNA gene sequencing reads were quality filtered using PRINSEQ (27). Denoising,
386
OTU clustering, and chimera removal were done using USearch (v7-64bit) (28), as described 387 by Doyle et al. (29) . OTUs were aligned using PyNAST (30). Alpha-diversity and beta-388 diversity were calculated using Qiime (1.8.0) (31). Taxonomy was assigned using a BLAST 389 search (32) against SILVA SSU 119 database (33).
390
Raw whole-metagenome shotgun sequencing reads were filtered, on the basis of quality and 
